Aims/hypothesis Brown adipose tissue (BAT) activation increases energy expenditure and may have therapeutic potential to combat obesity. The primary activating and adaptive signal for BAT is via β-adrenergic signalling. We previously demonstrated that human BAT is acutely responsive to oral administration of the sympathomimetic, ephedrine. Here we aimed to determine whether adaptive thermogenesis can be induced via chronic treatment with ephedrine. Methods Twenty-three healthy young men, recruited from the general public in Melbourne, Australia, who were nonsmokers, physically inactive and non-medicated with no prior history of cardiovascular disease or diabetes were recruited for this study. They were assigned to receive either 1.5 mg kg −1 day −1 ephedrine ('active' group; n=12, age 23 ±1 years, BMI 24±1 kg/m 2 ) or placebo (n=11; 22±2 years, 23±2 kg/m 2 ) for 28 days in a randomised (computer-generated random order sequence), placebo-controlled, parallelgroup trial. Participants and all investigators were blinded to treatments. Body composition was measured before and after the intervention by dual energy X-ray absorptiometry. BAT activity, measured via 18 F-fluorodeoxyglucose positron emission tomography-computed tomography, in response to a single dose of 2.5 mg/kg ephedrine, was the primary outcome measure to be determined before and after the 28 day treatment period. Results Twenty-eight individuals were randomised and consented to the study. Twenty-three completed the trial and only these participants were included in the final analyses. After 28 days of treatment, the active group lost a significant amount of total body fat (placebo 1.1±0.3 kg, ephedrine −0.9± 0.5 kg; p<0.01) and visceral fat (placebo 6.4±19.1 g, ephedrine −134±43 g; p<0.01), with no change in lean mass or bone mineral content compared with the placebo group. In response to acute ephedrine, BAT activity (change in mean standardised uptake value: placebo −3±7%, ephedrine −22±6%) and the increase in systolic blood pressure were significantly reduced (p<0.05) in the active group compared with placebo. Conclusions/interpretation Chronic ephedrine treatment reduced body fat content, but this was not associated with an increase in BAT activity. Rather, chronic ephedrine suppressed BAT glucose disposal, suggesting that chronic ephedrine treatment decreased, rather than increased, BAT activity.
Introduction
The conclusive identification of functional brown/beige adipose tissue (BAT) in adult humans [1] [2] [3] [4] [5] and its functional impairment in obesity [3, 6, 7] has focussed attention on this tissue as an anti-obesity target. This impairment is due to the oxidative capacity of BAT, which, while relatively low and variable under basal conditions [8] [9] [10] , can increase under conditions of chronic stimulation via a process called adaptive thermogenesis. Chronic cold exposure is the natural stimulus for adaptive thermogenesis, but mimicking cold-related signalling pathways also has the potential to elicit adaptive thermogenesis [8] .
Cold-stimulated BAT adaptive thermogenesis in humans has recently been reported by four independent laboratories using different intermittent cold exposure protocols [11] [12] [13] . Prevailing views, therefore, suggested increasing cold stress by decreasing the ambient temperature in human dwellings and/or regular, purposeful 'cold-training' may reduce body weight, potentially via increasing BAT function and activity and decreasing body fat [14] . While there may be health benefits associated with regular intermittent cold exposure [15] it is unlikely to be effective for weight loss in humans. Prolonged cold exposure, regardless of intensity, will be difficult to sustain and, due to cold-stimulated hyperphagia, is unlikely to result in sustained weight loss and may actually promote weight gain [16, 17] . For the purpose of reversing obesity, identifying pharmacological agents that increase BAT function without concomitant central hyperphagic signals would be most effective [8] .
Recent pharmacological (thyroxine) [18] and nutritional (capsinoid extract) [13] interventions have provided indirect evidence that BAT function may be enhanced by chronic treatment with orally bioavailable agents. Pharmacological studies in humans investigating BAT thermogenesis to date have focussed primarily on sympathomimetic agents [6, [19] [20] [21] . These agents signal via adrenergic receptors (ARs), thereby notionally replicating both the facultative and adaptive thermogenic central sympathetic signal to BAT in response to cold exposure. We recently reported that high doses of the sympathomimetic ephedrine can activate BAT in some lean young men [6] . This is consistent with the effects of acute ephedrine in mice, a species where chronic administration of ephedrine is associated with adaptive thermogenesis. This chronic action of ephedrine in rodent BAT contrasts with other tissues where responsiveness to adrenergic agonists is reduced with chronic stimulation [22, 23] . In this respect, ephedrine replicates some of the adaptive thermogenic effects of chronic cold exposure in rodents [24] . It is unknown, however, whether chronic treatment with sympathomimetic drugs can replicate coldstimulated adaptive thermogenesis in humans. While chronic use of these agents is not advised in humans due to significant cardiovascular side effects, they represent a suitable drug class for proof-of-concept studies. With the advent of positron emission tomography-computerised tomography (PET-CT) imaging to semi-quantitatively and directly measure BAT activity, it is now possible to investigate this question. Accordingly, the aim of the present study was to determine whether or not chronic treatment with the orally bioavailable sympathomimetic ephedrine increases BAT activity in response to a single dose of this drug.
Methods
Twenty-three young male participants (no history/clinical evidence of cardiovascular disease and either diabetes, impaired fasting glucose or impaired glucose tolerance, unmedicated, physically inactive and non-smokers) took part in this study. Study design This study was a randomised, double-blinded, placebo-controlled trial. Participants were randomised into two groups to receive either active treatment (ephedrine 1.5 mg kg
) or placebo (lactose). Dosing was selected based on pilot studies that determined 1.5 mg kg −1 day −1 to be the highest single dose that could be safely taken while unsupervised outside the laboratory. Sample sizes were based on power calculations determined from our prior studies [6, 25, 26] . Participants were randomised by The Alfred Hospital Clinical Trials Pharmacy staff in blocks of 4-6 using Microsoft Excel (v2007) to generate a random order sequence. Participants visited the laboratory three times, all located within the Departments of Cardiology and Nuclear Medicine at The Alfred Hospital. On visit 1, after obtaining informed consent a medical screen and body composition analysis (dual energy X-ray absorptiometry [DEXA]) were conducted. Visits 2 and 3 occurred before and after the treatment intervention, respectively, and included assessment of BAT activity (PET-CT), whole-body energy expenditure (indirect calorimetry) and blood variables (blood glucose, NEFA and noradrenaline [NA; norepinephrine]) in response to a single dose of ephedrine (2.5 mg kg −1 ). These measurements were made using a protocol previously established by us [6] . The day after visit 2, participants began taking a single oral dose of ephedrine (1.5 mg kg ) or placebo between 09:00 and 11:00 hours daily for 28 days. Within 2 days of taking their final dose, participants returned to the laboratory (visit 3) and their body composition was reassessed via DEXA.
Previous studies indicate BAT activity varies seasonally [2, 27] . While we conducted experiments between March and October, participants were randomised in blocks of four to six to minimise the potential for seasonal variation between treatment groups. We did not observe any variation in ephedrine-stimulated BAT activity between groups during pre-intervention experimental trials (visit 2).
Outcome measures The primary outcome measure was change in BAT activity. Secondary outcome measures comprised changes in basal and ephedrine-stimulated energy expenditure, body composition, circulating hormones, lipids and other metabolites.
Experimental protocol
Screening Initial screening involved clinical history and examination by a physician and measurement of physical characteristics, including height, weight, waist:hip ratio, brachial artery blood pressure and 12-lead ECG. A fasting blood sample was drawn for measurement of lipid profile (total, LDLand HDL-cholesterol and triacylglycerol), insulin, NA, HbA 1c and glucose. An OGTT was then performed. Briefly, participants consumed a 75 g glucose solution, after which blood glucose was measured at 60 and 120 min. Body composition (lean, bone and fat mass) was measured using DEXA.
BAT activation trials Before and within 24-48 h after the 4 week drug intervention, participants were given a standardised meal (3,180 kJ; 84% carbohydrate, 13% protein, 3% fat) to consume the evening prior to attending the laboratory (at 18:00-22:00 hours) on both experimental days.
Laboratory temperature was 20-22°C. Upon arrival at 07:30-08:00 hours after an overnight fast and having abstained from vigorous exercise, caffeine, smoking and alcohol consumption for at least 2 days prior, participants voided and changed into standard hospital scrubs and socks. They then consumed a telemetric pill for recording of core temperature (Cortemp, HQ Inc, Palmetto, FL, USA) and a venous cannula was inserted into an antecubital vein. Brachial blood pressure (Philips Suresigns VS3; Philips Medical Systems, Andover, MA, USA) was measured every 15 min and heart rate (Cortemp) was continuously recorded. Participants then rested in a supine position for 2 h while covered with two blankets to ensure thermoneutrality.
After resting, energy expenditure was measured via indirect calorimetry, a blood sample was taken and participants then consumed 2.5 mg kg −1 ephedrine hydrochloride in a gelatine capsule with water. Blood samples were taken at 15, 30, 60 and 90 min after drug ingestion for subsequent analyses (described below). Participants were injected with an FDG tracer for BAT glucose uptake assessment via PET-CT 60 min after drug ingestion. Energy expenditure was again measured via indirect calorimetry 60-90 min after drug ingestion because this time was predicted to correspond to peak plasma NA concentrations and BAT activity [6, 19] .
Indirect calorimetry Energy expenditure was measured with a
ParvoMedics TrueO ne 2400 metabolic analyser (ParvoMedics Inc, East Sandy, UT, USA). Mixed expired gases were measured after 10-min equilibration. Energy expenditure and respiratory exchange ratio were calculated and averaged over 20 min [6] .
PET-CT imaging PET-CT imaging and analyses were conducted as previously described [6] . PET-CT variables resulted in an effective radiation dose of <7 mSv per scan, therefore the maximum radiation dose administered (including DEXA) was 14 mSv per participant. PET-CT images were acquired and reconstructed using a Philips Gemini Dual PET-CT scanner (Philips, Andover, MA, USA). Scans were analysed using 4 mm thick coronal slices on an Extended Brilliance Workstation (Philips). Analysis focussed on the supraclavicular adipose tissue depot as this area has been consistently shown in numerous studies to demonstrate activity and/or molecular markers of BAT in humans [1-7, 9, 12, 13, 20, 28-30] . Recent evidence also suggests that in humans this tissue is likely to be predominately beige adipose tissue [29, [31] [32] [33] . For simplicity, hereafter this tissue will be referred to as BAT and activity in this region will be considered to represent 'BAT activity'. Tissue CT radiodensity in the established range of −180 to −10 Hounsfield units within this region was considered to represent adipose tissue [6, 20, 21, 34] .
We quantified maximum standardised uptake value (SUVmax) in supraclavicular adipose (representative of BAT) and subcutaneous adipose (upper arm, representative of white adipose tissue [WAT] ). Basal SUVmax of supraclavicular adipose is~0.8-1.0, which is ≥2 standard deviations above that of subcutaneous WAT (~0.4) [6] . In order to better represent total activity in this region we also conducted volumetric analyses to encompass a larger tissue region. We did not, however, observe increased supraclavicular adipose SUVmax above basal levels in the majority of participants in response to acute ephedrine. In light of this finding, and given the prolonged interventional nature of this study, we conducted a 'fixed volume' analysis [35] . From three consecutive PET image slices (4 mm thickness) within the supraclavicular region, SUVmean from regions of interest of 100 mm 2 were determined on left and right sides. These data are, therefore, reported as SUVmean per 2, 400 mm 3 . SUVmax and SUVmean are determined in units of g/ml, however neither our method of reconstruction and data analysis nor the formula to quantify these variables are quantitative. Data are, therefore, presented simply as 'SUVmax' and 'SUVmean' without units.
Biochemical analyses Where required, plasma was centrifuged and frozen for analyses. Plasma was measured for glucose, total cholesterol, HDL-cholesterol, LDL-cholesterol, triacylglycerol, insulin, HbA 1c and NA as described [6] . Plasma NEFA levels were measured using a commercially available kit (Waco Diagnostics, Richmond, VA, USA).
Statistical analyses Physical characteristics between groups and change in body composition between groups as a result of treatments were compared using unpaired two-tailed Student's t tests. To determine effects of acute ephedrine treatment on energy expenditure, the change in response to the acute ephedrine treatment was determined both before (Pre) and after (Post) the chronic treatment in each group. The change in this value from Pre to Post was then determined and this change was compared between the two treatment groups using an unpaired two-tailed Student's t test. The same analysis was applied for comparison of haemodynamic, core temperature and circulating factor data, however the change in response to acute ephedrine treatment for each group and time-point was determined by subtracting the basal value from the mean of values obtained between 60-90 min after the acute ephedrine dose. As previously reported by us [6] and others [19] , the peak in acute physiological responses to oral ephedrine varies between individuals but occurs within this period.
Effects on BAT activity were determined as described above for body composition data, however since PET-CT data were not normally distributed, a non-parametric Mann-Whitney U test was used to compare between groups. Analyses were conducted using SPSS (v15) and Microsoft Excel.
Results are expressed as mean±SEM, and results were considered significant when p≤0.05.
Results
Baseline participant characteristics are presented in Table 1 . Groups were not statistically different for all criteria. Table 2 shows body composition at baseline and in response to the 28-day intervention. The change in total mass (change placebo 1.1 ±0.3 kg; ephedrine −0.9±0.5 kg), body fat mass (change placebo 0.5±0.2 kg; ephedrine −1.1±0.3 kg), per cent body fat (change placebo 0.4±0.2%; ephedrine −1.2±0.3%) and estimated visceral adipose tissue mass (change placebo 6.4± 19.1 g; ephedrine −134±43 g) between groups were all significantly reduced after chronic ephedrine treatment only (Table 2; p<0.01). Lean mass and bone mineral content were unchanged.
BAT activity after chronic treatment was significantly lower in response to acute ephedrine in the chronic ephedrine treated group but was unchanged in the placebo group when measured as change in SUVmax ( Fig. 1a ; mean change placebo −3±6%; ephedrine −13±7%, p=0.03) or SUVmean ( Fig. 1b ; mean change placebo −3±7%; ephedrine −22±6%; p=0.01). SUVmax in WAT was half that of BAT and was unchanged in both groups in response to acute ephedrine before chronic treatment (placebo pre 0.48±0.02, placebo post 0.45±0.02; ephedrine pre 0.45±0.02, ephedrine post 0.43± 0.03). Basal energy expenditure did not change as a result of chronic ephedrine treatment ( Table 3 ). The increase in energy expenditure in response to acute ephedrine was unchanged after the chronic treatment period between groups ( Table 3) . The respiratory exchange ratio was not affected by either acute or chronic ephedrine treatment ( Table 3) .
The change in systolic blood pressure, heart rate, core temperature, blood glucose, plasma NA and plasma NEFAs in response to the acute dose of ephedrine are shown in Fig. 2 both before (Pre) and after (Post) the 28-day chronic ephedrine intervention. Compared with placebo, in the chronic ephedrine treatment group the change from pre-to post-intervention was significantly less for systolic blood pressure (p<0.05) and blood glucose (p<0.001), and trended towards a reduction for plasma NA (p=0.06). There was no difference in the response between groups for heart rate, core temperature and NEFA.
Discussion
In the present study, we hypothesised that chronic treatment with ephedrine would induce adaptive thermogenesis in BAT in adult humans, resulting in increased BAT activity. Contrary to this hypothesis, BAT activity was significantly reduced by 28 days of ephedrine treatment. This effect is likely to be due to ephedrine tolerance and may have implications for conditions of chronic sympathetic activation. Thus, chronic stress, hypertension and established obesity have all been associated with sympathetic activation, which may lead to blunted sympathetic responsiveness in certain tissues [36] . Our findings may, therefore, contribute to an explanation for the observed reduction in BAT function in obese individuals.
BAT biopsies and other measures were not possible to directly measure BAT function or BAT sympathetic nerve activity. Nevertheless, a reduction in the increase in systolic blood pressure and blood glucose, and a trend towards a blunting of ). Open bars, placebo; closed bars, ephedrine. *p<0.05 for the change from preto post-treatment between groups, **p<0.001 for change from preto post-treatment between groups (the pre-post change was compared between treatment groups using an unpaired Student's t test) the rise in plasma NA in response to acute ephedrine in the chronic ephedrine treatment group support a blunting of sympathetic responsiveness to this protocol. The sympathomimetic action of ephedrine is based on increased endogenous NA release from sympathetic nerve terminals and blockade of its reuptake, thereby increasing and prolonging synaptic NA concentrations, spillover into circulation and subsequent exposure to cells [37] . Thus, the mechanism by which chronic ephedrine treatment downregulates adipose adrenergic sensitivity to acute ephedrine in humans is likely to be due to direct downregulation of β-AR on target tissues and/or altered synaptic NA release/reuptake via synaptic NA transporters. Blunting the rise in plasma NA response to acute ephedrine in the chronic ephedrine group indicates an alteration in the synaptic regulation of NA release and/ or reuptake. Further, in rodents, chronic βAR stimulation with isoproterenol decreases β-AR sensitivity and receptor density [38] , therefore both mechanisms are probably involved.
In many tissues, stimulation of β-ARs results in both shortterm (hours) and chronic (days) downregulation of receptor sensitivity and density, respectively [23, 39] . Rodent studies, however, indicate that BAT β3-AR are unaffected, thus allowing adaptive thermogenesis to occur in response to persistent stimulation [22, 23] . Accordingly, chronic ephedrine treatment increases uncoupling protein-1 (UCP-1) and BAT activity in response to acute ephedrine treatment in mice [24] , and similar results have been reported with β3-AR agonist treatment in adult dogs, which reportedly have functionally similar BAT to adult humans [40] . It is unknown which β-ARs are primarily responsible for human BAT thermogenesis, however, while expressed [4] , β3-AR content is likely to be low [23] and to have little [41, 42] or no [43] involvement in human thermogenesis. The present data, therefore, support the notion that human BAT is functionally distinct from that of small rodents and other larger mammals such as dogs. Human BAT has recently been reported to be composed predominately of beige rather than classic brown adipocytes [29, [31] [32] [33] , and a recent in vitro study highlighted that human and mouse BAT cells express UCP-1 in an opposing manner in response to all-trans retinoic acid treatment [44] . Moreover, chronic ephedrine treatment mimics adaptive thermogenesis in mice [24] and no study has reported a reduction in facultative or adaptive thermogenesis in classic brown or beige adipose depots in mice in response to sympathetic stimuli. Therefore, it is likely human BAT requires alternate stimuli to become responsive to adrenergic/sympathetic inputs, and this may contribute to the failure of β3-AR agonists to increase BAT activity in humans [45] .
Mice require all β-ARs for full function of classic BAT, but are predominantly dependant on the β3-AR [22, 23, 46] . Since human BAT is not generally as well adapted as murine BAT it may require proliferative and adipogenic stimulation to precede browning to maximise adaptive thermogenesis. These processes may be more dependent on β1-AR than β3-AR signalling [23, 47] , thus potentially explaining a desensitisation rather than adaptive phenomenon more representative of tissues that highly express β1/2-ARs. From an obesity therapeutic perspective, in future it would, therefore, be prudent to consider human BAT as genotypically and phenotypically distinct from murine BAT. Additionally, altered sympathetic function has been implicated as both a cause and consequence of obesity [36] and weight loss reverses dysregulated basal and glucose-stimulated sympathetic responsiveness [48, 49] . Neither reduced BAT activity nor sympathetic over-activity have been causatively linked to obesity. Since, however, BAT activity is reduced and basal sympathetic nervous system activity is increased in obesity, the present data connecting chronic sympathetic over-stimulation to reduced BAT activity strengthens the hypothesis that these observations are linked.
In our previous study, upper thoracic BAT activity, measured as SUVmax, in response to acute ephedrine was~2.0, which was~1.0 higher than the acute response to placebo [6] . In the current study, baseline values for SUVmax in response to acute ephedrine were lower those of our previous study at 1.0. Nevertheless, chronic ephedrine treatment reduced SUVmax compared with placebo. Considering that SUVmax of deep upper thoracic BAT is significantly higher than subcutaneous WAT depots (~100% and >2 SDs in the present study and our previously reported basal levels [6] ), it is clearly distinct in having higher metabolic activity. Accordingly, human upper thoracic BAT is now characterised as a distinct brown/beige fat depot and, therefore, may fluctuate in oxidative capacity. Nevertheless, this absolute level of BAT activity contributes only a small portion of whole-body energy expenditure [8] . While statistically significant, the small reduction observed here would be unlikely to contribute meaningfully to whole-body energy expenditure under the present experimental conditions. However, other physiological stimuli that activate BAT may result in greater differences of larger absolute magnitude, therefore it is not yet possible to conclusively evaluate the physiological relevance of these findings. Conversely, since we did not observe an increase in activity above a predetermined basal level, measurement of basal BAT activity before and after the present intervention would have been of limited value. Nevertheless, while ethical considerations related to radiation exposure prevented additional basal PET-CT scans in the current study, future intervention studies should aim to study the functional relevance of BAT under unstimulated conditions. The low proportion of participants for whom we observed acute ephedrine-stimulated activity approaching that of our previous study [6] could simply be related to only the smallest and/or leanest individuals being responsive; the lean group in our prior study (BMI 21 kg/m 2 , body mass 66 kg, body fat content 17%) was significantly lighter with lower body fat content than that of the present cohort (~24 kg/m 2 , 76 kg, 25%). Chronic ephedrine treatment resulted in a significant loss of body fat, particularly in the visceral compartment, with no loss of lean mass or bone mineral content. This highly desirable outcome was not attributable to any alteration in thermogenic function since neither basal nor ephedrine-stimulated energy expenditure changed in response to treatment. The likely explanation for the loss of body mass and fat is an increase in energy expenditure in combination with decreased energy intake. Ephedrine has a systemic half-life of~4 h and single ephedrine doses of 1-2.5 mg kg −1 increase energy expenditure by~10-15% for several hours post-treatment, putatively mainly via increased muscle thermogenesis [19] . Based on the present data indicating no change in basal or ephedrinestimulated energy expenditure in response to chronic ephedrine treatment, tolerance does not develop with respect to the whole-body thermogenic response. Such shifts in energy balance may be compensated by increased gut and central orexigenic signals and, therefore, energy intake [50] ; however, ephedrine is also an appetite suppressant [41] . We can only speculate as to the major contributing factor since body composition was not a primary outcome measure and food diaries (which are not particularly reliable) were not recorded. While acute treatment with 2.5 mg kg −1 ephedrine did not result in increased BAT activity in the majority of participants in this study, and since we previously reported this dose would likely be the minimum necessary to activate BAT in lean adults [6] , ideally we would have administered at least this dose daily in the present study. Due to the cardiovascular activation induced by this high dose, however, we opted to treat with a lower dose, hypothesising that the necessary adaptive adrenergic signalling events would occur in fat tissue whether or not significant thermogenesis was induced. Regardless, based on our observations, a higher dose would likely have only resulted in greater suppression of basal BAT FDG uptake. It is worth considering that the response to cold exposure after the chronic ephedrine intervention may differ to that of acute high-dose ephedrine. Cold exposure will activate BAT to a greater extent via physiological pathways that may result in differing signalling and/or substrate preference. This possibility remains to be investigated. BAT function measured via FDG PET poses a number of technical limitations, including assessment of glucose uptake when lipids may be the predominant BAT substrate for thermogenesis. It is conceivable that in our studies of acute highdose ephedrine treatment glucose is not a major BAT substrate. This is, however, unlikely, since chronic cold exposure studies report similar results whether using PET imaging with FDG [12, 13] or an acetate tracer to measure whole tissue metabolism [11] . Nevertheless, this possibility also remains to be studied via a technique that assesses whole tissue energy expenditure.
In the present study, we provide evidence that, contrary to our hypothesis and in contrast to mice, chronic treatment with a sympathomimetic decreases basal BAT activity and likely thermogenic responsiveness to adrenergic stimuli. This finding represents an important difference between mouse and human BAT and the differing function of human BAT should be carefully considered when assessing future BAT-dependant therapeutic targets for obesity. Importantly, while reduced BAT activity has yet to be causatively linked to obesity, our data suggest that the elevated sympathetic activity observed in obesity may perpetuate weight gain by further reducing BAT function.
